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f _ #/5// ABSTRACT

On a high-dispersion spectro_am of Mars taken at Mount \Vilson rotational lines of H20 near
X 8300 and CO2 near X 8700 have been detected. Recent laboratory measurements of line strengths by
D. Rank have been used to determine the amounts of H20 and CO2 in the atmosphere of Mars: 14 ± 7
precipitable water and 55 ± 20 m atm COo_. From the absence of O_ in the Martian spectra, we set
an upper limit of 70 cm atm for the 02 content.

By suitably combining the CO_ amount with observations by Kuiper and Sinton of the strongly
saturated bands in the 2-t_ region, a surface pressure of 25 ± 15 mb has been derived.

The implications of the results on the composition of the Martian atmosphere are discussed.

I. INTRODUCTION

The polar caps of Mars have been found by Kuiper (1952) to have an infrared reflec-
tion spectrum consistent with a thin layer of H20 frost. The polarization of the light
reflected by the polar caps as observed and interpreted by Dollfus (1961) has also
provided evidence for the e:dstence of H20 ice on the surface of Mars. At the vapor
.pressures estimated to prevail in that planet, phase transitions of H20 will be from
ice to vapor. Moreover, the seasonal variations observed in the extent of the Martian
polar caps imply that there is a net transport of H20 between both poles, and that
sometime during the cycle the atmosphere must contain in vapor form a significant
fraction of the amount that may be present in the form of ice. De Vaucouleurs (1954)
has estimated on this basis "an atmospheric water vapor content of the order of 0.1
mm or less." From the sublimation rate of a polar cap and its temperature Sagan (1961)
has suggested the value of 10--0 mm for the same quantity. An amount of this order
of magnitude suffices, according to Hess (1948), to explain the nocturnal and sunrise
limb clouds observed on Mars.

In contrast with these indirect estimates stand a number of unsuccessful attempts to
detect spectroscopically water vapor in Mars. From Mount Wilson observations gath-
ered in 1933 and 1937-39 (Adams 1943), Dunham (1952), for example, concluded: "it
seems unlikely that there is more than 0.0015 as much water vapor above the surface
of Mars as there is above Mt. Wilson on an average clear night in Winter." This would
be some 10 u of precipitable H__O on Mars. The arguments raised by Hess (1951) di-
minish the precision given by Dunham to this upper limit, but they do not explain
why the results of the observations were negative. The more recent observation by
Kiess, Corliss, Kiess, and Corliss (1957) has been equally negative, although the upper
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2 L.D. KAPLAN,G.MtJNCH,ANDH. SPINRAD

limit to thewater-vaporcontentof Marsfixedbytheseauthorsthroughacomparison
withabsorption-cellspectraisnearlytentimeshigherthanDunham's.Furtherefforts
to settlethequestionareobviouslyworthwhile,especiallysincethepossibilitythat
watermaybecontainedin theMartianatmosphereonlyin theformof icecrystals
hasbeensuggestedbyLebedinskiiandSalova(1962).Butinordertohavesomehopes
of successit appearedto usthat a considerableincreasein spectralresolvingpower
overpreviousattemptswasrequired.Theproperconsiderationof thecurveofgrowth
forthestrongestlinesin the(2,1,1)bandofH20atX8200._establishedthatacolumn
of only10v of H20,at thepressuregenerallyadoptedforMars'satmosphere,should
producelinesafewmilliangstromsstrong(SpinradandRichardson1963).Underob-
servationalconditionsof lowhumidityandnearthetimeof themaximumDoppler
velocitybetweenEarthandMars,suchlinesshouldbedetectableusingthehighest
resolvingpoweravailableat the 100-inchcoud6spectrographanda high-contrast
emulsion.Therequiredincreasein thelimit of detectivity,overtheobservationsof
AdamsandDunham,seemedto usfeasibleonaccountof themoreefficientgratings
andfasterphotographicplatesnowavailable.Realizing,however,thatthe1962oppo-
sitionofMarswasquiteunfavorable,it wasdecidedto carryoutonlyanexploratory
attempt,withtheviewof studyingtheultimatepossibilitiesof thespectrographand
detectors,for a thoroughstudyduringthe 1965opposition.Accordingly,onlyfour
nightsof observingtime,whentheoppositionhadpassed,weregivento thisproject.
Ashasbeenannouncedpreviously(Spinrad,Mtinch,andKaplan1963),ononeofthese
nights,April12/13,1963,weobtainedaspectrogramofexcellentqualitywhichshows
faintbutunmistakablelineswhichhavebeenascribedto H20in Mars'atmosphere.
Clearly,it wouldhavebeenhighlydesirableto haveobtaineda plateof thesame
qualitybeforeopposition,whentheMartianH20lineswouldhaveappeareddisplaced
fromthetelluriclinesin theoppositedirection.Sincethesingleplatewedidobtain,
however,notonlyshowsthesought-afterwater-vaporabsorption,but alsothe5v_
bandofCO_atX8700/_,whichallowsustomakeadirectestimateofthetotalpressure
at thebaseof theMartianatmosphere,wefeelthatit isa matterof importanceto
discusstheresultsnow,ratherthanto waitforthenextMarsopposition.

II. THE OBSERVATIONS

The highest dispersion accessible with the 100-inch coud6 spectograph at wave-
lengths longer than X 8500 _ is obtained with a ll4-inch camera, in the first order of
a grating of 600 lines/mm. For wavelengths shorter than X 8400 _, a second-order
grating with 900 lines/mm may be used to obtain a dispersion three times higher.
Since the collimator focal length is 12 ft, resolving powers exceeding 105 can be reached
if a projected slit width around 10 _ is used. The granularity of the I-N type emulsion,
however, does not effectively utilize such large resolving powers, and the higher accut-
ance of the IV-N type is required, if its slower speed can be overcome by increased
exposures or strong hypersensitization. Test exposures of Mars and the Moon were
carried out with the 900-1ine/mm grating and a 73-inch camera on hypersensitized
I-N plates, on April 11/12, 1963. The high relative humidity prevailing on this night
produced plates unsuitable for our primary purpose, although they confirmed our
belief that the higher contrast of the IV-N plate was indispensable for the success of
the experiment. Accordingly, on the following night, April 12/13, 1963, we exposed to
Mars a strongly hypersensitized IV-N emulsion with the ll4-inch camera and the
600-line/ram grating, for 270 minutes, between 02:55 and 07:25 (oApril 13) U.T. The
width of the entrance slit was set at 17 _, corresponding to 0.073 A in projection, and
through the image rotator the direction of the slit was fixed visually along the Martian
poles. The seeing conditions were only average (1-2 in a scale of 5), but a small north
cap and a slight south polar hood were distinguishable. The appearance of the planet
on small-scale direct photographs was normal. A northern cool wind prevailing for
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SPECTRUM OF MARS 3

some 12 hours before the exposure lowered the relative humidity considerably from
its value during the preceding night. According to radio sonde data provided by the
U.S. Weather Bureau, at 00 h U.T. (April 13), the water content of the Earth's atmos-
phere, above Mount Wilson, was less than 5 mm, a value well below average. The
effective speed of the hypersensitized IV-N plate was underestimated, for the density
of the Mars plate we obtained is higher than optimum for spectrophotometry. None-
theless, the definition of the plate is excellent and it shows clearly Fraunhofer lines
listed by Babcock and Moore (1947) with intensities of --1. As a further comparison
it may be said that on this Mars spectrogram, almost every detail seen in the Utrecht
Atlas of the Solar Spectrum (1940) can be detected. For example, a predicted Si I or
Fe I line at X 8667.366 /k is readily identified in the Mars spectrum. In the Utrecht
Atlas it has a depth of only 0.04 and an equivalent width of 7 mA. In the spectrogram
of Venus, taken from the Mount Wilson plate collection, reproduced in Figure 1, this
line cannot be seen. After comparing our plate with other ones found in the Mount
Wilson files, we have convinced ourselves that ours is the spectrogram of Mars with
the highest resolving power ever taken. It should be said, however, that almost imme-
diately after the exposure of April 12 on Mars was completed, the sky became overcast
and prevented the taking of a comparison spectrum on the Moon, as had been planned.
A later attempt to obtain another spectrogram of Mars was carried out on June 9, 1963,
again with the 100-inch telescope, but the humidity on this date was high and the
plate came out somewhat underexposed for the X 8700 /_ region. The results to be
presented in the following sections are, then, based exclusively on a single plate.

HI. MEASUREMENTS

a) The COs Line.s

The visual inspection of our Mars spectrogram in the X 8700 _ region immediately
revealed the presence of a number of faint lines, not present in the solar spectrum,
near the position expected for rotational lines in the R- and P-branches of the 5v3 band
of COs. These lines are near the threshold of detectability for the plate, and were not
a number of them close together giving to the eye the image of a whole pattern, it
would be difficult to illustrate their presence convincingly, as has been done in Figure 1.
The problem of measuring their wavelengths precisely was made difficult by their
faintness and also by the presence of a number of faint Fraunhofer lines producing
blends. In the R-branch, the lines J = 4 and 6 and J > 14, are blended with solar
lines at kk 8693.958 (S, Int 0), 8693.15 (S?, Int --3), 8692.342 (Ti, Int --2), and
8689.788 (Fe p, Int 0). Actually, lines of Rowland intensity -2 or --3 would not be
detected if they were unblended, but when two such equally faint lines are blended,
their combined intensity rises above the threshold set by plate grain. As far as simple
detection is concerned, this blending effect is useful as a sort of local pre-sensitization.
But, of course, a measure of the true intensity of such a line cannot be accomplished
unless elaborate calibration techniques are employed. In our case, the lines J = 8, 10,
and 12, in the R-branch of the 5v3 band are the strongest unblended ones, and their
measured wavelengths agree satisfactorily with the laboratory wavelengths (Herz-
berg and Herzberg 1953). Some nnblended lines of the P-branch can also be margin-
ally detected, but appear weaker than the three lines of the R-branch referred to above.
Conventional procedures to measure equivalent widths of absorption lines, when
applied to features as weak as those we are concerned with, cannot be expected to
provide results with the customary accuracy of photographic photometry. Neverthe-
less, because an estimate of their strength is of importance for the subsequent analysis,
we have proceeded as follows. Microdensitometer tracings of the regions of interest
were made, at a magnification of X 130, for three non-overlapping strips of the spec-
trum separately. Since there is a gradient of density in the spectrogram across the
direction of dispersion, the tracing corresponding to the southern one-third of the
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spectrum, having the lower density, was chosen to carry out the measurement, the

other two being used only to estimate the mean depth and width of the lines in refer-

ence to the grain-plate noise.
The actual tracing used for the equivalent width measurements is reproduced in

Figure 2, where the influence of plate grain on the absorption of the unblended CO2

lines can be appreciated. From the areas of the smoothed-out conlours, drawn with
consideration of the effective instrumental profile, we obtained the equivalent widths

3.3, 3.7, and 4.4 m.;k for the J = 8, 10, and 12 lines, respectively. The spread in these

values by no means is a measure of the uncertainty involved, for the measures of the

three lines in a given tracing hardly are independent of each other. Earlier estimates

made from tracings obtained under different conditions by one of the writers (It. S.),

essentially agree with these results. For calculation of the C1)2 amount in Section IV,

we will use as equivalent width 0.005 cm -_, which corresponds to the average value of
3.8 m_:i_.
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FtG. 2.--A microphotometer tracing of the R-branch in the 5va CO... band of Mars. The measured
lines J = 8, 10, 12 and two solar lines are also shown. The non linear scale of relative intensity is indi-
cated.

In order to verify our sensitometric scale, drawn both from a wedge spectrogram

and the step slit generally used at the Mount Wilson coudd, we have measured in our

tracings the equivalent widths of a few medium-strong Fraunhofer lines and compared
the results with the values derived from the Ulrcchl ,lllas (194{I). e\n estimate of the

a,ccuracv o[ our intensity measures of the weak C()2 absorplion has been set by nolMng

that in our plate the J = 8, 10, or 12 lines appear slightly weaker than the Fraunhofer
line at X 8667.376 referred to above, which has an equiwtlcnt width of 7 m_'4,. \Vc thus

believe that the C(h equivalent widths estimated before have an upl_er limit between
5 au(l 6 milk.

b) The H.,O Lines

The visual inspection of the Mars spectrum in the region of the (2, 1, 1) hand of

H20, made independently by two of u.s (O. M. and II. S.), suggcsled the presence of
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faintlongwardcomponentsin a numberof thestronger(telluric)linesin thatband.
Themeasurementof their displacements,with respectto theterrestriallines,lead
consistentlyto thevalueexpectedfor linesoriginatingin Mars'satmosphere,andon
thisbasisthepreliminaryannouncementfor thedetectionof watervaporin Mars
wasmade(Spinrad,Mtinch,andKaplanI963).

Thelineswehaveascribedto watervaporinMarsseemtobejustaboutasweak
asthoseof CO2discussedabove.However,it isnotpossibletoillustratetheirappear-
anceaseasilyasit hasbeendoneinFigures1or2,becausetheX8300_ bandofH20
hasahighlycomplicatedstructure,withits strongmemberswellseparatedfromeach
otherandspreadoutoveranintervalmorethan150A wide.Webelievethat if the
linesofthe5v3bandofCO2were10or20,_. from each other, in a spectral region densely

crowded with lines, not only would it be difficult to illustrate convincingly their pres-
ence, but they might not have been discovered at all. Once the presence of the Martian

water-vapor lines has been visually ascertained, their presence in microphotometer
tracings becomes apparent, although the tracings themselves may not be a convinc-
ing proof for the existence of the lines.

TABLE 1

TELLURIC H20 LINES MEASURED FOR MARTIAN COMPONENTS

Vis. o n Possible BlendsCA) IsM

8158.02 ............ 9
8162.36 ............ (20)
8170.00 .........................
8176.97 ............
8189.27 ............
8193.11 ............
8226.96 ............
8256.52 ............
8274.35 ............
8279.60 ............
8282.02 ............
8287.94 ............

(20)
(2O)
(20)
(20)
(20)
(20)

9
12
12

58.08 (CN Lab)
62.43 (CN Lab), 62.80 (--3 atm)

93.04 (CN Lab), 93.74 (-- 2 atm)
27.25 (--2 ®)
56.48 (CN Lab)
74.28 (Fe I Lab), 74.33 (CN Lab)

82.02 (CN Lab), 82.67 (--3 arm)
87.99 (CN Lab), 88.22 (2 atm)

In our preliminary announcement eleven lines were given as having detectable

components shifted by the expected amount, but the question of possible blends with

Fraunhofer or telluric lines was only briefly mentioned. We shall now consider the

matter further, by referring in Table 1 to the same eleven lines listed according to

their laboratory wavelength X0. The intensities of the telluric components In_u as esti-

mated by Babcock and Moore (1947) are given in the second column. The degree of visi-

bility of the Martian component is indicated next by the letters a, b, and c, with "a"

qualifying those more easily detected or best defined in our plate, while "c" stands

for those just in the limit of visibility. In the last column are given the wavelengths

and intensities of possible blends near the expected position of the Martian lines (dis-

placed 0.41 g_ to the red of the laboratory system). In judging whether a line is actually

affected by a blend or not, it should be kept in mind that in the solar spectrum, as

obtained through the Earth's atmosphere, weak Fraunhofer lines lying within strong

telluric lines cannot ever be seen. The Doppler shift of Mars, or of any other planet,

can, however, shift such a line to a region free of telluric absorption. Recalling that
nearly one-half of the weak Fraunhofer lines are unidentified, clearly we cannot be

completely certain, but only in a probabilistic sense, that the weak components we

observe in the Mars spectrum actually originate in lVIars's atmosphere. Among the

H20 lines listed in Table 1 the only one which is undoubtedly affected by a Fraunhofer

line normally hidden behind the telluric H20 absorption, is that at X0 = 8274.35 ,A
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since the laboratory spectrum of Fe I has a line at 8274.28 __, in multiplet No. 1332,
and the other line of this multiplet at 8264.27/I_ can be seen in our plate. Also in spectra
of Venus this line has been observed by one of us (H. S.) displaced both to the red and
to the violet, and has been seen also in the spectrum of Jupiter. This line, then, does
not provide evidence for the existence of a water-vapor line arising in Mars. Near the
expected position for Martian components of the lines at 8158.02 and 8256.52, are
found solar lines of intensity --3. But in our spectrum they would appear Doppler-
shifted by an unadmissibly large amount, not to mention that it is very doubtful
whether lines with such low intensity can be seen in our plate. These two lines, then,
are not affected by blends. In our preliminary announcement we left open the question
of possible blends with Fraunhofer lines due to the (2, 0) band of CN, which in the
laboratory shows numerous lines in this region. In a recent discussion (Rigutti and
Drago-Chiuderi 1963) of the laboratory spectrum of CN, we noticed several lines
whose wavelengths in the laboratory coincide with the telluric H20 X0's. Whether the
CN lines are strong enough to appear at our resolution is not known, but we have been
conservative enough to include them as possible blends anyway.

It remains to consider the question of blends with weak telluric lines. In this regard
the advantage of having obtained the plate under conditions of low humidity is fully
realized. The strongly saturated lines listed in Table 1 appear in our plate sensibly
narrower and weaker than in the Utrecht Atlas. The atmospheric lines suggested as
possible blends, having intensities of --2 and --3 and being produced also by water
vapor, are nearly unsaturated and would appear in our plate much weaker. For ex-
ample, we mention the suggested blend to the line at )_0= 8287.94, to which an in-
tensity of 2 is given by Babcock and Moore (1947). In the Utrecht Atlas this line shows
quite strong on the wing of the line of intensity 12, but in our plate appears much
weaker, with an intensity at most equal to a Fraunhofer line of intensity --1. On
these grounds, then, we are justified in considering the blends with atmospheric lines
given by Babcock and Moore (1947) with intensities --2 and --3 as entirely negligible.
Summarizing our discussion of the possible blends that might affect the components
of the H_O lines considered to arise in the Martian atmosphere, we can say that, among
those listed in Table 1, only the lines at _ 8274.35 and ), 8287.94 are really questionable
on this account.

The procedure followed to estimate the equivalent widths of the unblended Martian
components to the lines given in Table 1 is essentially the same as that described for
the CO_ lines, and leads to results just as uncertain. In the case of the H_O lines we
face the additional difficulties that the background set by the strong lines is varying

rapidly, as is illustrated by the tracings reproduced in our preliminary announcement
(Spinrad et al. 1963), and that our plate has a higher density in the k 8200 region than
at X 8700/_, and effectively less contrast. In our plate the Martian H20 lines appear
better defined in the part of the spectrum corresponding to the polar regions of the
planet. This effect, not apparent in the CO2 lines, no doubt is in part a result of the
curvature of the shoulder of the characteristic curve of the plate, but we are not cer-
tain that it is entirely an effect of contrast. Our material, however, does not warrant a
quantitative discussion of this effect, and we simply have estimated the equivalent
widths of the lines in tracings obtained with slits covering one-third of the planet's
disk near the poles. The equivalent widths of all the Martian H_() lines were slightly
greater at the south pole than at the north, but we do not know if the difference is
signilicant. Tlle variation of tile values derived for the wtrlous lines is smaller than
the uncertainties involved for which reason we can give only the wflue 4 refit or 0.006

cm -L average equivalent width of the unblended lines at X 8176.97 _it, X 8189.27 fit, and
8226.96 A, which will be used in Section [Vb to deternfine the t{2_) abundauce.
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IV. ABUNDANCE CALCULATIONS

a) C02

In Section IIIa we derived an average equivalent width W = 0.005 cm -1 for the un-
blended lines R8, R10, and R12 of the 5v3 band of CO_. For such weak lines saturation
is small and almost independent of pressure. It is therefore possible to use the meas-
ures to obtain a relatively unambiguous estimate of the CO2 abundance. The tem-
perature dependence of the lines intensities, through the Boltzmann factor, is some-
what more important, and it would be desirable to have some idea of the atmospheric
temperature. This could be obtained from accurate measurements of the relative
equivalent widths of the individual rotational lines, which should follow a Boltzmaim
distribution. Unfortunately, the uncertainty of our measures and the blendings with
Fraunhofer lines would make such a determination unreliable, but the apparent posi-
tions of the band maxima are consistent with an atmospheric temperature of about
230 ° K.

From laboratory measurements kindly made for us by David Rank (1963), we
estimate a band intensity of 0.63 cm -1 km atm at 300 ° K, which would correspond to
an average intensity S = 0.027 cm -1 km atm for the R8, R10, and R12 lines at 230 ° K.
At 200 ° K, the value would be S = 0.030 cm -1 km atm.

For absorption in the linear portion of the curve of growth, the amount of CO2 in
the double traversal of the Martian atmosphere is simply given by the ratio between
the equivalent width W and the line strength S. If w is the amount of CO: along the
vertical and y is the effective air mass, we have for T = 230° K

W
_w = _- = 0.1 8 km atm, (l)

where _ should be evaluated from the contribution of the air masses corresponding to
the various points on the planetary disk represented in the microphotometer tracing.
If 0o and 0+ are the angles between the local normal of Mars and the directions of
illumination and observation, we write

n = (sec 0o + sec 0+), (2)

where the average indicated by the angular brackets should allow for the geometry
of the situation, the smearing effects of guiding errors and seeing, and the non-linearity
of the transmission of the spectrogram along the various regions covered by the analyz-
ing slit of the microphotometer. Neglecting the small difference (2 °) between the
planetocentric latitudes of the subsolar and subearth points at the date of observation,
for the meridional section covering the southern one-third of the planet, and for a
smearing by guiding and seeing of 1 arcsec, we find 7/= 3.6.

Actually, because of the narrowness of the lines there is some saturation, which
may be accounted for by the expression for the equivalent width of a purely Doppler-
broadened line

w = s_w tf1 + _, (3)
r*=2

where 3'D is the Doppler half-width. For a CO: line at k 8700 .& and T = 230 ° K,
3'D = 0.011 cm -1, and with a table of the term in parentheses in equation (3) we find
yw = 0.21 km atm. By considering the effect of collisional broadening on the curve of
growth of the CO_ lines, we find from the tables by Harris (1948) that, for pressures
between 20 and 100 mb and a collisional half-width of about 0.1 cm -1 at STP, the
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valueof _wis somewhatreducedto r/w = 0.20 km atm. The degree of saturation is
still small enough that we may use the value _7= 3.6 given above, to find

w(CO2) = 55 4- 20 matm (4)

for T = 230 ° K. At T = 200° K, the corresponding number would be 50 m atm.
The probable error attached to w(C()2) results mainly from the uncertainty of our
equivalent-width naeasurements.

b) tt20

In Section IIfb we derived an average equivalent width |I = 0.006 cm-1 for the
unblended H._,O lines at X 8176.97 /k, X 8189.27 A, and X 8226.96 A, due to the transi-
tions 3-a-4-4, 2 1-3-2 and 2_-22, respectively. Rank (1963) has also measured for us
the strengths of these lines: at 300 ° K their average intensity is S = 1.0 cm -_ per cm
of precipitable water, which corresponds to an average intensity S = 1.3 cm -_ per
precipitable cm at 230 ° K.

The amount of H20 in the double traversal of the Martian atmosphere was deter-
mined in the same way as for CO2 in Section IVb, with the result that _w(H2()) = 50 a.
Again taking r/= 3.6, we obtain

w(H_.O) = 14 + 7 _z. (s)

Our estimated relative error in the H2() amount is somewhat larger than for C().., be-
cause of the greater uncertainty affecting the measurement of equivalent widths and
line intensity.

c) O_

We (lid not detect any Doppler-shifted Martian components to the telluric lines in
the A-band of O2 at about X 7600 A. Because the telluric O2 lines are quite strong and
broad, the detection of any weak Martian components is very difficult with photo-
graphic techniques, and we can therefore set only an upper limit to the Martian O_
content. By comparison with the O TM O t7 isotopic lines in the telluric spectrum appearing
in our plate, we estimate that Doppler-shifted Martian lines would be visible if they
were stronger than 20 mA, or Wee(()2) < 0.035 cm -1, in a tracing referring to the
south polar region (_/_ 4). The strength of the particular lines we are referring to
can be derived from their observed equivalent widths in the telluric spectrum, and
the expression

IV = 2(S_,) _/2 (6)

for a strong, isolated, pressure-broadened line with an effective collision half-width "_.
For a line near the apparent maximum of the P-branch, l Fe(()_) _ 1100 mA = 1.9
cm -t. According to Goody (1963), at STP 3/ = 0.047 cm -I. At the pressure amt tem-
perature at the base of the atmosphere above Mount Wilson this would correspond to
To = 0.040 cm -t. For a well-mixed atmosphere hydrostatically supported, in which
the absorption coet_cient is independent of temperature, the collision half-width 37 is,
according to the Curtis approximation (Kaplan 1959), 3'o/2 = 0.020 cm -j. With
wo(()..,) _ 1680 m atm above Mount Wilson, and for the air mass no = 1.2, we ob-
tain fl'nm equation (6) S = 27 cm _ per km atm. From the upper limit to the Mar-
tian ()_ lines given above we then find r/wc_((),,) < 1.3 m atm, if the lines were un-
satuntted. Correcting for saturation, as was done in Section IVa for the C()_ lines,
this upper limit is about doubled. The effective air mass for this degree of saturation
wouhl be slightly less than 4, a value which gives

wo_(()2) < 70 cm atm. (7)

Tiffs amount represents a threefohl reduction to the upper limit given by Dunham
(1952).
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V. SURFACE PRESSURE

A direct determination of the pressure at the base of the Martian atmosphere is of

great intrinsic value because it provides a measure of the atmospheric mass and the
key to an understanding of the atmospheric structure and circulation. It is also the

main parameter entering critically in the pressing problem of aerodynamic entry and
survival. The generally accepted value of the surface pressure is about 85 mb (de

Vaucouleurs 1954) based on various optical methods of which the most straightforward

ones involve the assumption of a purely Rayleigh scattering atmosphere. Goody (1957)

has pointed out that the presence of a persistent haze layer "might mean that existing

estimates of the pressure are over-estimates," but no one seems to have suspected that

the overestimate could be as large as our results will be seen to imply.
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FIG. 3.--Equivalent width of 2-_ band complex versus CO_ amount times effective pressure, on

logarithmic scale, from data of Howard eta/. (1955). Total pressure data as follows, in mm Hg: tri-

angle, 35-50; circle with dot, 75-100; cross, 200; circle with cross, 400-470; solid cirde, 760. Straight line rep-

resents "square-root law" absorption. Abscissa markings below curve for various teUuric air-masses

77, above curve for Earth plus Mars from Sinton (S) and Kuiper upper and lower limits (K).

The CO2 abundance Wco, = 55 ± 20 matm, which we derived in Section IVa

from our measurements of the pressure-independent 5v3 band, can now be used in

conjunction with measurements of absorption by strongly pressure-dependent bands
to determine the surface pressure. For this purpose we have used recent measurements

by Sinton (1963) and Kuiper (1963) of the bands of CO2 around 2 #, in particular the

4v_ + va band at 2.06 # which is blended with telluric H20 to a smaller degree than
are the high-frequency components.

The 2-_ bands are sufficiently strong that for both Mars and Earth the absorption
is due to lines which are completely saturated at their centers. For bands of this type,

the absorption is a function only of the product of the amount of absorber and effective

pressure. This is illustrated in Figure 3, which shows the dependence of the equivalent
width of the entire 2-# band complex on the product wl'eff, as derived from the data

of Howard, Burch, and Williams (1955). The effective pressure Pelf, defined as the

equivalent pressure at infinite dilution in N2, was obtained from the observation that

self-broadening is 2.2 times as effective as nitrogen-broadening: tbat is,

.Pelf = P(1 + 1.2 a), (s_
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where a is the CO2 fraction by volume. As will be seen, the value of wPeff for Mars
corresponds to a point on the straight-line portion of the curve, for which equation (6)
is valid unless the pressure is so low that Doppler-broadening becomes important.
Actually, the Martian lines are opaque out to several Doppler widths, so the band is
effectively composed of strong collision-broadened lines and the above relations should
hold. Grandjean and Goody (1955) have discussed this point for the weaker bands at
1.6 _.

The measurements by Sinton were made at the 1960 opposition, when the Martian
lines were not displaced from the telluric lines. Neglecting temperature dependences,
the absorption by the combined Earth and Mars atmosphere is obtained by adding
the contribution of the various Y lines, in the form

A =f(1--expl--[_eP_f(O)we-4-_o_Peff(c_)Wc_] j'_('J%/-P')f)dv'_'(v-pJ)2 (9)

where 7, is the half-width at a standard pressure P,, Po,f is, by the Curtis approximation
(Kaplan 1959), half the effective surface pressure Pelf, and the integral is carried out
over the whole band.

Sinton (1963) found the absorption in Mars at the center of the 2.06-# band to be
equivalent to an increase of 1.86 air masses in the solar spectrum over Mount Palomar.
The effective surface pressure on Mars should therefore be given by

w e
Paf(o z ) = 1.86 Pelf( @ )---. It0)

At Mount Palomar, Pe = 850 mb and we = 2.2 m atm. Sinton implied a value of
2 for _/c_, which corresponds to measurements at the center of the disk. If we use the
above values in equation (10) together with our value of wo_ = 55 m atm, we obtain
Poff(o z) = 32 rob. Equation (8) can then be used to correct for self-broadening in
order to obtain the actual surface pressure, if N2 is assumed to be the broadening
foreign gas.

The weight of a 55 m atm column of CO2 above a cm 2 area on Mars is 4 rob; for a
uniform mixture of N2 and CO2, this is equal to the fraction by weight times the surface
pressure. Since the fraction by weight is equal to the fraction by volume, a, times the
ratio of the molecular weight of CO2 to that of the mixture, we have

44_Pc_
4 = ' (1[)

44a+28(1 --a)

which reduces formula (8) to

where all pressures have been expressed in mb.
Argon is the only gas, besides CO2 and N2, likely to be present in appreciable amounts

in the atmosphere of Mars. The presence of argon in the mixture would decrease _,
and increase a. The effects almost cancel one another, in such a way that formula (12)

should also apply for a N2-A-CO2 atmosphere.
The location of wo_Po,(o _) is marked on Figure 3. It is seen that the absorption falls

well within the square-root region, indicating that the entire 2-p-band complex is essen-
tially composed of strong isolated lines.

If we introduce P_. (oz) = 32 mb into formula (12) we obtain for the surface pres-
sure

Pc_ = 29 mb.



No.1,1964 SPECTRUMOFMARS 11

Theuncertaintyofthisestimateisofcourselarger than that of our estimate of COt
abundance, because of the added uncertainties introduced by the use of Sinton's data.
His measurements of Martian absorption show a large fluctuation, and the telluric
absorption does not vary linearly with the square root of teUuric air mass, as would
be indicated by the data of Figure 3. The equivalent width of the 2.06-# band is less
than that of the average of the other two components of the 2-_ complex, and thus the
square-root law should extend to even larger values of _.. Inaccuracies in the absorp-
tion measurements seem therefore to be present, probably due to the difficulty in
determining the solar-spectrum envelope. However, since the matching of Martian
versus telluric absorption was done by a direct comparison, the errors in absolute
absorption should cancel to the first order and should have only a small effect on the
accuracy of the derived pressure.

Fortunately, an independent estimate of the surface pressure can be made from
measurements on the same band taken by Kuiper (1963) at McDonald Observatory
on December 14, 1962. The spectral resolution was sufficient to begin to resolve the
P- and R-branches of the 2.06-# band, and the signal-to-noise ratio was high. Lunar-
spectrum envelopes were obtained; and comparison spectra were later made by passing
sunlight, presumably at the same Earth air mass, _ = 1.05, through laboratory CO2
m Tucson.

Kuiper kindly provided us with a copy of the Martian spectra and copies of com-
parison spectra with an 80-m geometric path of pure CO2 at pressures of 8.5 and 12
cm Hg. The apparent Martian absorption falls midway between those of the comparison
spectra; by linear interpolation between our measurements of the apparent absorption
we estimate a match at 80-m geometric path length and 10.4 cm Hg. This corresponds
to w -- 11.1 matm and p -- 139 mb. For pure CO2, Pelf = 2.2 X 139 = 306 mb, from
formula (8).

Since these conditions are again such that absorption is proportional to (rtwP, ff)1/2,
the effective Martian surface pressure can be obtained from

W
Pal( c_ ) = 2Pal -- (la)

7;ozWo_'

where the factor of 2 is the result of again using the Curtis approximation to relate
laboratory absorption to equivalent atmospheric absorption.

The measurements were made by putting the slit across the equatorial portion of
Mars. If the absorption is proportional to _, the average air mass of an isotropically
reflecting strip through the center of a uniformly illuminated hemisphere is

n=2[ a/_rr(4--n/2) ]1(2-- n)F(3-- n/2)Jn" (i4)

For n -- ½, ,7 has the value 2.87, so at the phase angle of Mars on December 14, 1962,
and for a slab of finite width, the average air mass should be about 3 or somewhat
larger. If we use ,7 = 3 and wo, = 55 m in equation (13) we obtain P_ff(o z) -- 41 rob.
This should be corrected for the temperature dependence of the line-width since the
laboratory COs was presumably at room temperature. For a Martian temperature of
230 ° K, Pe,(o z) is reduced to about 37 rob, from which formula (12) can be used to
obtain, for the surface pressure, Po* = 34 mb. This value must be reduced somewhat
because the )/[artian lines were Doppler-shifted relative to the telluric lines while of
course the laboratory lines were not. However, the lines are sufficiently strong that
Doppler-shifted pairs are saturated over the interval of Doppler-shifting, with the
result that the required reduction is only about 1 rob.

A more straightforward estimate can be obtained by comparing the lunar spectra
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with theiVIartianspectra,althoughtheenvelopesappearto indicatea differencein
thespectralvariationof reflectivitybetweentheMoonandMars.TheDopplershift
of the.Marslinestendsto separate them from the telluric lines, but a rough calculation
again shows that only a small correction would be required if the Doppler shift were
ignored.

The spectral resolution obtained by Kuiper is sufficient that the signal maximum
between the telluric bands at 2.01 _, and 2.06 g should represent the true background.
We took this as the background for both the lunar and Martian spectra in order to
measure the equivalent widths of the 2.06-** band. The results are IV_)+C = 35.4 cm -1
and Wo = 18.6 cm -t.

Since the 2.06-/_ band has approximately one-fourth of the equivalent width of the
2-#-band complex, Figure 3 shows that the equivalent widths can be represented by
equation (6). The iV[artian effective surface pressure can therefore be obtained from

_, "2 "2

Po.( C ) = i,s,
cw cW2 o

At McDonald Observatory, P_ = 800 mb and w_ -_ 2.1 m atm. If we introduce in
equation (15) these quantities, together with _,_ = 1.05, _o* = 3, w_ = 55 matm, and
the preceding values for the equivalent widths, we obtain P_ff(c_) --- 28 rob. Intro-
ducing this into formula (12) we obtain PO = 25 mb for the surface pressure.

This value and the one obtained by comparison with the laboratory data average
ahnost exactly to that obtained from Sinton's data. Applying a small correction to the
estimate from Kuiper's data because of the Doppler shift and to the estimate from
Sinton's data because of the temperature and air-mass effects, we obtain for our esti-
mate of the surface pressure of Mars

Poe = 25 _+ 15 rob.

We have also estimated the surface pressure from the observation by Kuiper (1952)
that absorption by the 1.6-;z bands were enhanced to an amount equivalent to that by
ten Earth air masses. We have followed the procedure of Grandjean and Goody (1955)
to obtain _loawo_P_ff(O), except that we took 7, = 0.07 cm-' rather than their value of
% = 0.14 cm -t, which is too large. With r/o_ _ 4 at the phase angle during Kuiper's
observation (see Danielson, Gaustad, Schwarzschihl, Weaver, and Woolf 1963 for an
error in the Grandjean and Goody determination of r/) and wC = 55 m, we oblain a
surface pressure PC = 35 mb. This result is very sensitive, in fact approximately pro-
portional, to the number of Earth air masses required to oblain a match. Unforttmately,
the comparison is very difficult to make, since the absorption is weak and the solar-
spectrum envelope wouhl be lowered at 10 air masses by telluric absorption. At the
spectral resolution used, CH, absorption on the low-frequency side xvouhl be particu-
larly serious; on the high-frequency side, H.2¢) absorption couhl give trouble. The effect
of the lowering of the apparent solar envelope would be an overestimate of the nunfl)er
of Earth air masses necessary to match the Mars spectra. That this overestimale may
have occurred is suggested by the small amount of apparent (?_h absorption. The
eqniwtlent width of the combined 1.6-/_ bands on the Mars spectra appears to bc about
7.5 cm -t. This can be coml)al'ed with an equivalent width for the same bands of 12 em -1
obtained by Howard e! al. (1955) for a laboratory path of 2.1.,limes lhe amount of (2{)..,
above McDonahl ()bserwtlory and a pressure _ as great. Thus l]le surface-l_rcssure
estimate would have to be revised downward to the extent that il wouhl fall well within
the limits given in our estimate from the recent and better spectra of Kuiper and
Sinton.

Much higher surface pressures are obtained from the Stratoscope II results (Daniel-
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sonet al. 1963). The equivalent width of the 2-_ bands on Mars obtained from Strato-
scope was about 250 cm -1, after making a small correction for Martian H20. This
value, together with w = 55 matm and _ = 3.5, can be used to obtain an effective
pressure from Figure 3. The result is a mean effective pressure of 80 rob, or an effective
surface pressure of 160 rob. Mter applying a correction for temperature and self-
broadening, a surface pressure Pc_ = 145 mb is obtained.

The values of the surface pressure obtained from their measurements of the 2.7-#
bands are even higher. The data of Howard el al. (1955) do not extend to the equivalent
width of 315 cm -I obtained from Stratoscope, but they can be extrapolated to give a
lower limit to the equivalent width and therefore the surface pressure. The result, again
after application of a temperature correction, is P_ = 350 rob.

These results are obviously completely in disagreement with each other, as well as
with our value of 25 + 15 rob, and imply that Danielson et aI. were unsuccessful in
defining the solar-spectrum background or calibrating their detector or both. The
apparent agreement obtained by Danielson el al. between the CO2 amount calculated
from tile two bands is accidental and is probably due to the use of different forms of
empirical formulas representing the data of Howard et al. (1955). The high absorption
measurements, particularly for the 2.7-# bands, were obtained only at pressures of 1 atm,
and the application of formulae of this t)_pe to different pressure conditions is dangerous,
especially in the case of the 2.7-u bands for which the exponent of the CO2 amount
is 2½ times as great as that of the pressure, in contrast to the equality of the exponents
predicted by theory.

It should be mentioned that, because of the triangular appearance of the 2-_-band
complex in the Stratoscope spectra due to the low resolution, a reduction of the back-
ground by only 5 per cent would bring the derived surface pressure in agreement with
our results. Such a reduction in the background is suggested, in fact, by their back-
ground continuum on the low-frequency side of the bands. However, the reduction of
the background required to bring the 2.7-_ band in agreement with our surface-pressure
results is larger than seems reasonable.

The equivalent width of the Martian 2-_ bands as obtained from Stratoscope is
considerably greater than our estimate of the combined telluric and Martian absorption
from the spectra of Kuiper and Sinton. Kuiper's spectra in particular is much less
ambiguous, especially for the 2.06-_ band. We feel, therefore, that we must ignore the
Stratoscope results in our analysis.

Our estimate of the surface pressure of Mars, therefore, remains

Po _ = 25 __+15 rob.

The uncertainties are due to those in our measurements of the 5v3 band spectra and in
Kuiper's and Sinton's measurements of the 2.06-v-band spectra.

VI. CONCLUDING REMARKS

The CO, content of the Martian atmosphere we have derived in this paper is, per se,
not surprising, being only about twice as large as that suggested by Grandjean and
Goody. What would appear indeed surprising is that the simple observation of the
5_3 band of CO2 implies a value for the atmospheric pressure so low that CO2 itself
becomes a major constituent. We emphasize that our determination, although rather
uncertain on purely observational grounds, is straightforward and has as its basis simple
physical principles, in contrast with previous estimates which were based on diverse
assumptions practically impossible to verify observationally. The low value now sug-
gested for the pressure prevailing in the atmosphere of Mars has important conse-
quences, on which we shall comment briefly.

Let us first attempt to specify the abundances of the gases likely to be present in
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appreciable amounts in the Martian atmosphere. In Table 2 we consider the estimated
mean values for the total surface pressure and partial pressure of COs, together with

the extreme values implied by the estimated range of uncertainty. Recalling that the

larger CO2 amounts correspond to lower pressures, we see that for the low- and mean-

pressure models CO2 would indeed be a major constituent. The difference between the

total pressure and the partial pressure of COs probably is made up by the contribution

of the unobservable gases A and N2. Regarding argon we can make two assumptions:

(a) The net A *° content of the Martian atmosphere is the same as that of the Earth

(Brown 1952; Urey 1959). For a terrestrial abundance of 0.00934 per volume, the

partial pressure in Mars would be p,C (A) = 19 rob. (b) Alternatively we may assume
that the net A 4° content of Mars's atmosphere is to that of the Earth as the ratio of

the corresponding planetary masses. Then we would have Pb o_ (A) = 2 rob.
From Table 2 we see that there is room for 19 mb of radiogenic argon only in the

medium- and high-pressure models. In the high-pressure model some 17 mb could be

allowed to N2, but in the mean model there would be hardly any N2. In the low-pressure

TABLE 2

SURFACE PRESSURES FOR THE POSSIBLE MAJOR

CONSTITUENTS OF THE MARTIAN ATMOSPHERE

Low

Pressure (mb)

Total ....... I0
COs ........ 6
A*°: a ....................

b ...... 2
N2: a ....................

b...... 2

Mean High

(mb) (mb)

25 40
4 3

19 19
2 2
2 18

19 38

model obviously there could be no more than 4 mb of A or N_. On the other hand,

under the more logical hypothesis that the concentration of K 4° in Mars is the same

as in the Earth, and that degassing has occurred in both planets to the same extent,

it would follow that the partial pressure of N_ is 2, 19, or 38 mb for the three models.

This possibility appears to us more attractive in the light of the ideas currently held for

the origin of the atmospheres of the terrestrial planets. But still N2 would appear

grossly underabundant with respect to the Earth's atmosphere, because, making the
same assumption about the N_ content as was made in case (b) above for A 4°, one

obtains for !V[ars a nitrogen content of 300 gm cm -2 or a partial pressure of 120 rob.

We would infer from these considerations, then, that the conjecture advanced by

Urey (1959), regarding the likelihood of nitrogen escaping the atmosphere of Mars, is

supported by our conclusions. It would then necessarily follow that the temperature

prevailing at the layer where the escape is effectively taking place is in excess of 2000 ° K.

The observational results presented in this paper have been seen to be affected by
uncertainties which enter critically into the determination of the all-important value

for the atmospheric pressure on Mars. Unlike the uncertainties affecting other methods

used in the past to estimate that parameter, however, our determination can be much

improved without essential difficulties. In short what is needed are numerous spectral

observations, both in the photographic and the instrumental infrared, with increased

resolving power and techniques to measure absorptions accurately. We hope to carry

out an extensive observing program at the forthcoming presentation of Mars, using at

the Mount Wilson coud6 spectrograph a new grating giving at least twice the resolving

power now attainable. The possibility of using photoelectric detectors, in addition to



No.1,1964 SPECTRUMOFMARS 15

photographicplates,isnowbeingexplored,especiallyfor observingtheweakabsorp-
tionsof O_ and H20. The observation of the CO2 bands in the instrumental infrared

with increased resolution is just as important, and would appear to us practicable, if

attention were paid to a restricted spectral range and enough time were given to such
an observation.

It is a pleasure to express our thanks to Professor D. Rank for providing us with

unpublished laboratory data, to Professor W. S. Benedict for discussions on the H_O

spectrum, and to Professor G. P. Kuiper for sending us his observations in advance of
publication.
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